Introduction {#S0001}
============

The overall prevalence of sleep disorder breathing was estimated to be 4% for males and 2% for females in the general population, according to earlier studies done in the United States.[@CIT0001] However, data from Europe (Swiss cohort) suggested that these numbers may be even higher, as the prevalence of moderate to severe sleep-disordered breathing was estimated to be 23.4% in women and 49.7% in men.[@CIT0002] Obstructive sleep apnea (OSA) is probably the most common sleep breathing disorder, and it has been identified as a risk factor for hypertension, heart disease, stroke, and obesity among others.[@CIT0002]--[@CIT0004] The laboratory overnight polysomnography (PSG) also called type 1 study, is the standard diagnostic test for identifying OSA. Nevertheless, this test can be expensive and time-consuming.[@CIT0005] Moreover, different inconveniences such as limited access due to distance, familial obligation, and high cost can cause delays or absence of OSA diagnosis through PSG.[@CIT0006] To overcome these difficulties, home portable devices (also called type 3) have been developed as an alternative to PSG, which can be used in the appropriate clinical settings.[@CIT0007] Although portable monitor devices capture different variables of sleep including desaturation events, most of them do not record electroencephalography (EEG) parameters or respiratory effort-related arousals (RERA). Although for diagnosing OSA no EEG criteria are required, the assessment of RERAs provides a more comprehensive evaluation of respiratory disturbances. However, the lower number of events captured by type 3 recordings and the greater denominator in respiratory indexes (total recording time vs total sleep time in type 1 recordings) have led to the underestimation of OSA's severity in type 3 studies,[@CIT0008] leading to the possible omission of its diagnosis in mild cases.

To score respiratory events associated with OSA, different respiratory outcome measures are used: 4% oxygen desaturation index (ODI), apnea-hypopnea index (AHI) with different hypopnea definitions including 3% or 4% oxygen desaturation, or respiratory disturbance index (RDI), which also considers RERA trough EEG arousals (ie, apnea + hypopnea + RERA). Nevertheless, AHI is considered the main index to diagnose and categorize OSA mainly considering apnea and hypopnea events, as RERA scoring is not performed homogeneously in all centers and that not all technologies are exactly comparable.[@CIT0009] Those previously mentioned events are characterized by repetitive episodes of total or partial upper airway closure and by increased respiratory efforts driven by chemoreceptor and mechanoreceptor stimuli, culminating in a micro-arousal from sleep.[@CIT0010] However, recent literature evaluating the association between AHI and mortality risks suggests that the assessment of OSA severity based on the current AHI thresholds is not optimal,[@CIT0011] highlighting the need of adjusting the current thresholds (accounting for age, sex, presence of comorbidities, etc.) or investigating the use of other indexes for its diagnosis. Indeed, although RDI is not the currently recommended index, it may provide more insight about sleep fragmentation, instability, and pathophysiology, as RERAs also disrupt sleep and have clinical consequences.[@CIT0012] RDI is usually calculated using EEG arousals (RDIe), defined by an increase of 16 Hz or more of the EEG frequency for more than 3 seconds (AASM 2007).[@CIT0013] Nevertheless, other parameters that are thought to be associated to respiratory arousals, such as autonomic ones, can be used to calculate RDI, especially in the absence of EEG. One recognized autonomic arousal is heat rate acceleration (HRa), defined as an increase of certain number of beats per minute after a respiratory event. The latter can be used to calculate an RDI index called RDI with autonomic arousals.[@CIT0014],[@CIT0015] These two types of micro-arousals (EEG and HRa) are thought to have different physiological origins,[@CIT0016] and it appears that autonomic arousals may reflect better physiologic subcortical responses linked to upper airway opening. Therefore, HRa may be used as another tool to score and investigate apnea and hypopnea respiratory events, perhaps being a more subtle method to assess the presence of upper airway obstructions or RERAs.[@CIT0017] Consequently, the use of HRa to calculate RDI may lead to a more representative evaluation of OSA's severity not only in type 1 but especially in type 3 recordings, thus becoming very clinically relevant.

Therefore, the objective of this study was to evaluate as a proof of concept the use of heart rate acceleration (HRa) arousals associated with sleep respiratory events and compare it with other indexes in a population undergoing full polysomnography (type 1) and in another undergoing portable monitor study (type 3). Our hypothesis was that when compared with other indexes, RDI based on HRa will capture more events in both type of recordings. Moreover, we also aimed to assess the level of agreement between the autonomic index and AHI type 1 and 3 populations.

Materials and Methods {#S0002}
=====================

Sample {#S0002-S2001}
------

A retrospective analysis was conducted in data collected consecutively from June 2012 to October 2012 in two different populations of patients with suspected OSA: a) 72 (37 males, 35 females) undergoing one night of type 1 recording, and b) 79 patients (51 males, 28 females) undergoing one night of type 3 recording, for a total 151 patients studied. Patients identified as having high risk for OSA based on clinical evaluation, which included: male sex, body mass index (BMI) \>27, report of snoring or observed apnea, high blood pressure, sleepiness (Epworth \>10) were oriented for an ambulatory type 3 recording. Non-obese patients with a suspicion of another sleep disorder or with atypical symptoms were directed to a type 1 study or PSG. Urgent high-risk patients were also oriented to a type 1 study for a split-night protocol with CPAP titration. To be representative of the global population referred to the clinic, no restrictions were applied regarding medication or comorbidities. The study was done according to the rules of the Centre hospitalier de l'Université de Montréal (CHUM) Ethical Committee, the Records Department and the Professional Services Direction. The CHUM Ethical Committee approved the study and all data were maintained with confidentiality.

Recording Procedures {#S0002-S2002}
--------------------

For the in-laboratory PSG procedures (type 1), standard sleep variables were monitored: EEG recordings of C4/A1, C3/A2, O1/A2, FZ/A1; electrooculogram (EOG) for eye movements (R-EOG/A1, L-EOG/A1), electromyogram (EMG) for chin and right and left anterior tibialis, and electrocardiogram (ECG) for heart rate (bipolar) using Alice (Philips Respironics, USA). A body position sensor (Braebon Medical Corp, Canada) attached to a thoracic belt was used to monitor body position. Oxygen saturation was measured by pulse oximetry (OxiMax, Nellcor Puritan Bennett (Melville) Ltd, Canada). Tidal airflow was monitored with a nasal or oronasal pressure cannula (Braebon Medical Corp, Canada). Respiratory efforts were measured by respiratory induced plethysmography belts placed around the thorax and abdomen. Patients were also monitored with a video camera and a microphone placed at the suprasternal notch to record snoring. For the home ambulatory recordings with portable monitor devices (type 3), all of the standard sleep variables monitored during polysomnography except EEG derivations and video camera recordings were recorded. The ambulatory recording system was Alice PDx (Philips Respironics, USA).

According to the American Academy of Sleep Medicine (AASM) scoring manual of 2007, sleep was visually scored by trained technicians blinded to experimental conditions and objectives.[@CIT0013] Apnea and hypopnea events were also scored according to the 2007 AASM scoring criteria.[@CIT0013] Hypopneas events were considered when a decrease of at least 30% of flow ≥10 seconds with a desaturation ≥4% occurred.[@CIT0013] EEG arousals included those following movement, breathing events or those that occur spontaneously, according to AASM 2007.[@CIT0009],[@CIT0013]

Other sleep variables included total minutes scored as sleep, sleep latency (number of minutes from lights out until the first epoch scored as sleep), sleep efficiency (total sleep time as a percentage of time in bed), number of awakenings during sleep, and time spend in each sleep stage: non-rapid eye movement (NREM) stage N1, NREM stage N2, slow wave sleep stage N3, and REM sleep. Autonomic arousals were scored as an increase of 5 or more heartbeats per minute (bpm) on EKG less than 20 seconds post-respiratory event. This threshold was selected based on its sensitivity to capture more events.[@CIT0015] Increase in heart rate was measured manually using pulse rate from saturation signals.

Scoring Procedures {#S0002-S2003}
------------------

For the type 1 recording, the following respiratory outcomes were scored: i) ODI with 4% oxygen desaturation, automated analysis, ii) AHI with hypopnea definition of 4% oxygen desaturation, iii) respiratory disturbance index = RDIe, where "e" is for AHI + events (hypopnea and respiratory effort-related arousals associated with EEG arousals, and iv) respiratory disturbance index with acceleration in heart rate = RDIa5, RDIe + hypopnea and respiratory effort-related arousals associated with a heart rate increase of 5 beats per min (bpm) or more. For the type 3 recordings, ODI, AHI and RDIa5 = AHI + hypopnea and respiratory effort-related arousals associated with a heart rate increase of 5 beats per min (bpm) or more were obtained. RDIe was not scored due to the absence of EEG. Scoring was done by technicians without any previous automatic analysis.

Patients were classified into the usual AHI severity categories: no apnea (0; \<5), mild (1; ≥5 to \<15), moderate (2; ≥15 to \<30), and severe (3; ≥30), according to the AASM scoring manual 2007 and 2012.[@CIT0012],[@CIT0017]

Statistical Analyses {#S0002-S2004}
--------------------

In this study, the following analyses were performed on all the respiratory outcomes in the two populations (type 1 and type 3): Mean values for each sleep disturbance index: ODI, AHI, RDIe, and RDIa5 in type 1; and ODI, AHI, and RDIa5 in type 3.The artificial migration (movement from one category to another) frequencies from lower to higher severity categories when comparing RDIa5 vs AHI and RDIe in type 1 and RDIa5 vs AHI in type 3, considering the current thresholds for AHI categorization as a gold standard.Bland-Altman (B-A) plots to assess agreement between AHI vs RDIe and RDIa5 in type 1 population, and AHI vs RDIa5 in type 3 populations. B-A are plotted as the mean difference between two variables against the average of the same two. The limits of agreement were defined as the interval of the mean difference ± 1.96 x standard deviation (SD).

Moreover, two-sample *t*-tests and Fisher's exact tests were used to evaluate differences between the two populations. The analyses were done with SPSS statistical software.

Results {#S0003}
=======

Demographic and Clinical Characteristics of both samples can be observed in [Table 1](#T0001){ref-type="table"}. Except for age (type 1 population was slightly younger), there were no statistical significant differences between both studied populations in those characteristics.Table 1Demographic and Clinical Characteristics of Both SamplesType 1 (n=72)Type 2 (n=79)pAge (mean years ± SD)48 ± 1554 ± 130.007Sex (females %)48.6%35.4%0.137BMI (mean ± SD)28.7 ± 6.930.3 ± 6.80.134ESS (mean ± SD)10.4 ± 6.48.9 ± 5.10.112AHI (mean ± SD)8.3 ± 6.79.2 ± 10.90.551Patients taking antihypertensives (%)9.7%14.9%0.440Patients with cardiovascular diseases (%)20.8%10.1%0.074Patients with diabetes (%)8.33%16.4%0.149[^1]

Type 1 Scored Respiratory Disturbances Variables {#S0003-S2001}
------------------------------------------------

When patients were divided into three different categories according to their AHI (lower than 5, 5--15, and 15 to 30), higher number of events were observed with RDIa5 in all 3 categories in comparison to the other indexes ([Figure 1](#F0001){ref-type="fig"}). Additionally, when using RDIa5 vs AHI, 33% of patients moved to a mild OSA category (0 to 1) and 4% from no OSA to moderate (0 to 2), for a total of 37% of patients who were not considered as having OSA now having OSA with this index. Moreover, 19% of patients moved from mild to moderate category, and 6% from moderate to severe ([Table 2](#T0002){ref-type="table"}). Overall, 58% of patients migrated to higher categories. Using RDIa5 vs RDIe, 14% of patients not detected with RDIe moved to a mild category (0 to 1), 11% from mild to moderate (1 to 2), and 4% from moderate to a severe category (2 to 3). Overall, 29% of the 72 patients migrated to a higher category ([Table 2](#T0002){ref-type="table"}). B-A plots revealed a mean difference of 6.63 for RDIa5 vs AHI (limits of agreement −1.39 and 14.66) and 2.68 for RDIe vs AHI (limits of agreement −1.07 and 6.43) ([Figure 2](#F0002){ref-type="fig"}).Table 2(A and B) - Artificial Migration Frequencies from Lower to Higher Categories of Obstructive Sleep Apnea (OSA) Based on Severity When Comparing RDIa5 Vs AHI and RDIe, According to AHI Thresholds (Number and % of Patients are Shown) for Type 1 (A) and 3 (B) Recordings(A) Type 1RDIa5 AHICAT 0CAT 1CAT 2CAT 3 CAT 07 (9.7%)24 (33.3%)3 (4.2%)0 (0.0%) CAT 10 (0.0%)9 (12.5%)14 (19.4%)0 (0.0%) CAT 20 (0.0%)0 (0.0%)11 (15.3%)4 (5.6%) RDIeCAT 0CAT 1CAT 2CAT 3 CAT 07 (9.7%)10 (13.9%)0 (0.0%)0 (0.0%) CAT 10 (0.0%)23 (31.9%)8 (11.1%)0 (0.0%) CAT 20 (0.0%)0 (0.0%)20 (27.8%)3 (4.2%) CAT 30 (0.0%)0 (0.0%)0 (0.0%)1 (1.4%)**(B) Type 3**RDIa5 AHICAT 0CAT 1CAT 2CAT 3 CAT 07 (9.0%)26 (33.3%)3 (3.8%)0 (0.0%) CAT 11 (1.3%)12 (15.4%)11 (14.1%)1 (1.3%) CAT 20 (0.0%)0 (0.0%)9 (11.5%)3 (3.8%) CAT 30 (0.0%)0 (0.0%)0 (0.0%)5 (6.4%)[^2] Figure 1Mean values of indexes obtained from type 1 sample (n=72), separated by categories related to OSA's severity (derived from AHI, gold standard). Dotted lines represent artificial migration (movement from one category to another) and error bars standard deviations. Pink color represents the population categorized as OSA negative (CAT 0), purple as mild OSA (CAT 1) and turquoise as moderate OSA (CAT 2).**Abbreviations:** ODI, oxygen desaturation index; AHI, apnea-hypopnea index; RDIe, respiratory disturbance index calculated with electroencephalography (EEG); RDIa5, respiratory disturbance index calculated with heart rate acceleration 5bpm threshold.Figure 2Bland-Altman plots between RDIa5 and AHI for type 1 population (**A**), RDIe and AHI for type 1 population (**B**), and RDIa5 and AHI for type 3 population (**C**).**Abbreviations:** AHI, apnea-hypopnea index; RDIe, respiratory disturbance index calculated with electroencephalography (EEG); RDIa5, respiratory disturbance index calculated with heart rate acceleration 5bpm threshold.

Type 3 Scored Respiratory Disturbances Variables {#S0003-S2002}
------------------------------------------------

As in type 1 population, higher number of events were observed with RDIa5 when compared to ODI and AHI in all categories ([Figure 3](#F0003){ref-type="fig"}). Using RDIa5 vs AHI, 33% of patients not detected as OSA moved to a mild category (0 to 1), 4% from no AHI to moderate (0 to 2) for a total of 37% being detected as having OSA. Of the ones in the mild category, 14% moved to moderate (1 to 2), while 4% moved from the moderate to the severe category (2 to 3). Overall, 55% of the 79 patients recorded with Type 3 system migrated to a higher category ([Table 2](#T0002){ref-type="table"}). B-A plots showed a mean difference of 6.91 between RDIa5 vs AHI (limits of agreement −2.90 and 16.73) ([Figure 2](#F0002){ref-type="fig"}).Figure 3Mean values of indexes obtained from type 3 sample (n=79), separated by categories related to OSA's severity (derived from AHI, gold standard). Dotted lines represent artificial migration (movement from one category to another) and error bars standard deviations. Pink color represents the population categorized as OSA negative (CAT 0), purple as mild OSA (CAT 1) and turquoise as moderate OSA (CAT 2).**Abbreviations:** ODI, oxygen desaturation index; AHI, apnea-hypopnea index; RDIa5, respiratory disturbance index calculated with heart rate acceleration 5bpm threshold.

Discussion {#S0004}
==========

The results of this proof of concept study show that the use of HRa to calculate RDI leads to a higher number of captured events when compared with the reference standard (AHI) and other indexes in both type 1 and 3 recordings. The use of RDIa5 led to the migration of patients from lower to higher severity categories using the currently established thresholds in type 1 and 3 recordings, and notably, some patients with no diagnosis of OSA were categorized as having OSA with this index. Moreover, the similar difference observed between RDIa5 and AHI in type 1 and 3 populations suggests that RDIa5 may capture similar events in type 1 and 3 recordings, which is interesting given the absence of RDIe in the latter. Therefore, RDIa5 and other indexes based on autonomic arousals could have the potential to further characterize OSA, becoming of special interest in type 3 recordings where OSA's severity is underestimated. However, the clinical implications of RDIa5 when compared to other indexes need to be evaluated in future studies.

There is certain controversy around the diagnosis and categorization of OSA, especially when AHI is used.[@CIT0018],[@CIT0019] AHI accounts for the number of apnea and hypopnea episodes per hour, but the definition of hypopnea may lead to considerable changes in the scoring, and therefore in the categorization of OSA according to its severity.[@CIT0018],[@CIT0020] In an older and perhaps more "conservative" definition, hypopneas were usually defined as a decrease in airflow of at least 30% accompanied by \>4% oxyhemoglobin desaturation.[@CIT0021] However, with the claim that PSG scoring criteria have changed over time but not severity classification, a more "liberal" definition was proposed, where hypopnea is defined as a decrease in airflow of at least 30% accompanied by \>3% oxyhemoglobin desaturation and/or an event-related arousal.[@CIT0022] Interestingly, despite being considered the gold standard index, it appears that AHI does not correlate well with clinical symptomatology[@CIT0018],[@CIT0019] and does not capture the diverse spectrum of the condition,[@CIT0023] which may question its use as it currently is. In fact, it appears that phenotyping OSA patients according to pathophysiologic risk factors or traits (eg, craniofacial morphology, arousal threshold, loop gain, muscle responsiveness) could help to capture OSA's heterogeneity.[@CIT0023]--[@CIT0026] RDI is another index that accounts for RERAs besides apnea/hypopnea episodes, consequently being more "inclusive" when compared with the classical AHI. While RERAs can impact sleep quality and have predictive value in cardiovascular complications according to some studies,[@CIT0027] evidence from a middle-aged population-based cohort study in Europe indicated a lack of association with negative clinical outcomes (eg, daytime sleepiness, hypertension, diabetes, or metabolic syndrome).[@CIT0028] However, despite the inclusion of RERAs in respiratory indexes is not currently mandatory, its oversight may lead to the underestimation of OSA's severity and importantly to the possible lack of diagnosis in mild cases with type 3 recording.[@CIT0008]

Autonomic arousals have been proposed as possible surrogates for EEG measurements in the calculation of RDI.[@CIT0014],[@CIT0015],[@CIT0029] HRa, pulse transit time (PTT), post-event hyperventilation, and pulse-wave amplitude (PWA) drops have been used as markers of autonomic arousals in different studies.[@CIT0014],[@CIT0015],[@CIT0029],[@CIT0030] Due to its accessibility in type 3 recordings, HRa has emerged as an interesting autonomic arousal marker, and its use as a surrogate has been explored already in other investigations.[@CIT0013],[@CIT0015],[@CIT0031] Although a previous study from our group showed that a cut-off value of 10 bpm correlated better with RDIe,[@CIT0014] to perform this proof of concept study we decided to use a cut-off value of 5 bpm based on previous literature and on the empirical impression that such a lower cut-off would help to capture more autonomic arousal events.[@CIT0031] However, the most accurate or appropriate cut-off is yet unknown and needs to be further investigated.

Our results indicate that the use of RDIa5 can capture more respiratory disturbance events when compared to other indexes in both type 1 and 3 recorded populations ([Figure 1](#F0001){ref-type="fig"}). Importantly, this finding is likely accentuated by using 5bpm as cut-off in our attempt to increase sensitivity, which could have increased the presence of false positives. Given the morbidity and mortality of OSA, it can be argued that its underestimation may be more clinically significant than its overestimation, as it may lead toward the absence of care or to a compromised care planning.[@CIT0032] Therefore, without trying to diminish the importance of a possible overestimation and presence of false positives, in this proof of concept study, we purposely selected 5bpm as a cut-off to be able to detect more events, especially in the type 3 population. Using 4% instead 3% as a threshold for ODI and hypopneas could have also increased the differences between indexes. Indeed, a 4% threshold was preferred to be capable of observing variances between indexes. Upcoming research should assess these outcomes considering different thresholds. Even though these results emphasize the possible value of using autonomic arousals to further understand and perhaps categorize better OSA patients, this study did not aim to assess the clinical relevance of these "new" detected events nor the optimal cut-off thresholds for improving accuracy. Future longitudinal studies are necessary to evaluate those in detail.

Additionally, as the magnitude between RDIa5 in type 1 and type 3 was found to be similar ([Figure 2](#F0002){ref-type="fig"}), it can be speculated that RDIa5 already includes RDIe events in type 3 studies, yet the relationship between these two indexes remains unclear. Indeed, EEG arousals may be present in the absence of autonomic arousals and vice versa. Similar results were found in other studies, where autonomic arousal was suggested to improve diagnostic accuracy of type 3 devices, thus being considered as surrogates of EEG cortical arousals (type 1 and type 3 performed in the same population).[@CIT0031] Nevertheless, our results must be interpreted cautiously, as the relevance of indexes based on autonomic arousals and their methodological refinement still has to be determined. More investigations evaluating HRa and other autonomic arousal measures in relation to OSA's symptomatology, morbidity, and mortality are needed, in order to determine their clinical significance and optimize its potential use.

The possible significance of capturing the aforementioned events is illustrated by the artificial migration towards higher severity categories when using RDIa5, which was observed in both types of recordings (59% in type 1 and 55% in type 3). Thus, the use of RDIa5 could entail an important impact in the scoring and categorization of OSA, but particularly in detecting positive cases. Nevertheless, its possible association with clinical symptomatology (using different thresholds), which is fundamental for its management recommendations requires further investigation. Additionally, it is important to consider the potential influence that a "first night effect" and/or conditions associated with sleep fragmentation and autonomic dysfunction such as insomnia, chronic pain (eg, fibromyalgia, temporomandibular disorders), or mood disorders can have in the calculation these indexes.[@CIT0033]--[@CIT0037] Future investigations are needed to assess the reproducibility of these indexes across different recorded nights and to evaluate how concomitant clinical disorders can affect their value.

Some limitations have to be considered in the present study. Patients with higher probabilities of having OSA are more likely to be studied with type 3 recordings, while patients with more borderline symptomatology are more likely to be studied with type 1. Hence, a selection bias is present in the studied sample. Although the patients were not preselected (besides orienting high-risk patients toward type 3 studies), the long waiting list for type 1 studies may have accentuated even more the selection bias for milder cases investigated with type 3, as they could have been redirected in order to have a first assessment more rapidly. Moreover, the retrospective nature of the data did not allow us to directly compare type 1 and 3 methods in the same sample of patients, which would have been optimal to reduce risk of bias and variability. Secondly, 9.7% of patients in the type 1 group and 14.9% in the type 3 group were taking beta-blockers, which may have affected autonomic function in those patients. However, some evidence suggests that beta-blockers have minimal to none influence in apnea related heart rate accelerations or decelerations,[@CIT0038] so the possible influence of these medications in our outcomes could be non-significant. Moreover, the intake of other medications or substances affecting sleep and/or autonomic function was not controlled. Finally, 4% of oxygen desaturation was used as a threshold for ODI and hypopneas instead of 3%. It is possible that this fact, along with the use of 5bpm for HRa, yielded to a higher difference between ODI/AHI and RDIa5.

Conclusion {#S0005}
==========

This study serves as a proof of concept regarding the use of autonomic arousals such as HRa in aiding to the detection of more respiratory disturbance events when compared with other indexes, being of possible help capturing borderline mild cases. This becomes highly relevant in those type 3 recordings where RDIe cannot be calculated, as OSA is more likely to be underdiagnosed.
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[^1]: **Abbreviations:** SD, standard deviation; %, percentage; BMI, body mass index; ESS, Epworth Sleepiness Scale; AHI, apnea hypopnea index.

[^2]: **Abbreviations:** AHI, apnea-hypopnea index, RDIe, respiratory disturbance index calculated with electroencephalography (EEG); RDIa5, respiratory disturbance index calculated with heart rate acceleration 5bpm threshold; CAT 0, No OSA (AHI \< 5); CAT 1, mild (AHI ≥ 5 to 15), CAT 2, moderate (AHI ≥15 and \<30); CAT 3, severe OSA (AHI ≥30 and over).
